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NOMENCLATURE

M Mach No.

| i a sonic velocity
; L A acoustic admittance, combustion parameter
; | C see equation (8), concentration
é." d diameter é ’
i { D integration constant in equation (12) % é
; : E integration constant in equation (12) % 5
{ £ frequency E §
F particle damping term (F " = 1ACmM"/(1+iA‘rd)) j 1
G parameter in equation (19) through (21) g ?
1 VT | -r
I parameter in equation (19) through (21) ;
AR k see equation (10) 1
h‘é } Kl parameter in equation (21) defined in figure 2-8 1}
.. i ' L chamber length
; l l' m velocity coupling parameter
E

{ n burning ratio pressure exponent
N see equation (9) 3
pressure |

P
q chamber perimeter
Q

4 see equation (4), f/Af
r see equation (7)

A ‘ R response function, combustion parameter
S area
T see equation (5)
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see equation (6)

dimensionless chamber length

Greek

Y

Xy

specific heat ratio

time constant ratio

acoustic pressure (p~“/yp)

dimensionless frequency 2mfL/a

Xl(kl-l) = {AT

viscosity

dimensionless flame temperature oscillation
dimensionless area S'/S

density

flow turning parameter (o”= M dM/dz)

dimensionless time

particle damping parameter (Td = dezpb/(IBLL))
)

svo/(svo * svl

Subscripts

o

1

at Z =0
at Z = 1
chamber
valve, velocity
burning surface

mass of condensed phase

damping




particle
flow turning

mean shift

double frequency

TH threshold
Superscripts
- time average

oscillating component
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4 1.0 INTRODUCTION

T

Coupling between the combustion process and the acoustics of the com-
bustion chamber are important factors determining combustion stability of
a solid propellant rocket. This coupling results because the combustion
process reacts to both the local acoustic pressure and the local acoustic
velocity. Because of the complexity of both processes, they cannot be
totally characterized analytically; therefore, laboratory test data are
needed in making analytical combustion stability predictions. One attrac-
tive test method conceived by CSD is the rotating valve apparatus. CSD
conducted two programs under AFRPL contract to develop and demonstrate
; the rotating valve method of measuring the pressure coupled combustion
; response of solid propellants. The results show agreement with T-burner
measurements when the T-burner vent term is taken to be zero. In addition,
3 reproducible operation of the apparatus has been demonstrated at pressures
; up to 1,500 psi with propellants containing as much as 18% aluminum.

The rotating valve apparatus also has the potential for measuring the
velocity coupled response function of solid propellants. Velocity oscilla-
tions of controlled frequency and amplitude can be generated by simultane-
ously operating a rotating valve at each end of the motor, 180° out of phase.

| In this configuration, velocity coupling dominates, and the effects of other
processes, such as pressure coupling, are minimized. With this modification,
the rotating valve method offers the potential for experimentally and qganti-
tatively investigating many characteristics of veloecity coupling uhich“have
been postulated by purely analytical arguments. The nature of these charac-
teristics determine the manner in which velocity coupling is incorporated
into the overall combustion stability analysis of a solid propellant rocket
motor; thus experimental evaluation of velocity coupling characteristics
is essential.

T TR

Under AFOSR contract No. F49620-77-C-0048, CSD is investigating the two-
valve approach for measuring velocity coupling characteristics.
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This investigation includes:

A. Analytical studies to analyze the transient ballistics to provide
a method for data interpretation and analysis

B. Parametric studies to evaluate momentum effects and determine
the frequency range for which valid data can be obtained

C. An error assessment of the methods used to reduce experimental

data
D. The design and fabrication of experimental apparatus
E. Cold flow studies to evaluate the performance of the apparatus

and to develop methods for calibrating the apparatus for data reduc-
tion purposes

F. Combustion tests to evaluate the limits of the apparatus perform-
ance, to determine the ability to distinguish differences in
velocity response functions, to study the effects of internal
flow patterns on the derived velocity response, and to establish
the applicability of the dgta~analysis procedures.

This report summarizes the results of the studies concluded to date.

1-2
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2.0 TECHNICAL ACCOMPLISHMENTS

Under AFOSR contract No. F49620-77-C-0048, CSD is developing the dual
rotating valve approach for measuring the velocity response properties of

solid propellants. The primary objectives of this program are to:

A. Conduct analytical studies to predict the performance of the
apparatus and to provide a basis for interpreting experimental
data

B. Evaluate potential errors in the experiment and thereby determine
the accuracy required in the measurements

C. Construct experimental apparatus

D. Conduct cold flow tests to verify the proper operation of the
apparatus

E. Conduct limited combustion tests over a range of frequencies to

evaluate the apparatus performance

The basic velocity coupled rotating valve apparatus has two identical
valves, one at each end of the test motor as shown in figure 2-1. One or more
conventional nozzles are used to control the steady-state pressure. The
instantaneous area of each valve (figure 2-1) may be represented by the sum of

a steady-state component and an oscillating component.

The central feature of the apparatus is the control of the phase between
the area oscillatione of the two valves. If the two valves are in phase, the
oscillating components add, as shown in figure 2-2. The resulting behavior
is dominated by pressure coupling effects. If the valves are 180° out of
phase, the area oscillation produced by one valve exactly cancels that produced
by the other valve. There is no net area oscillation to provide pressure
coupling; however, significant velocity oscillations in the test motor are
produced, because the venting of combustion gas alternates between the two
ends of the motor. These velocity oscillations couple with the combustion to
produce burning rate oscillations. With a constant net vent area, these

burning rate oscillations operating the two valves 180° out of phase offer

f
:
1
E
E
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& Valves in phase . Valves phased 180°
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= c -~
8(\ —= time & —= time
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Figure 2-1. Valve Layout for Velocity Response Measurement
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S, =S, +S., exp(i2 wft S, =S, +S, exp(i2wft)
b B R il . S S 4

Figure 2-2. Valve Driving
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the potential for studying velocity coupling in a manner that minimizes
pressure coupled contributions.

2.1 ANALYTICAL STUDIES

Analytical studies were conducted as part of the program to provide a
basis for data interpretation and error analysis. Initial evaluation of the
method assumed that momentum and energy effects could be neglected so that the
transiént mass balance described the system behavior.1 The validity of these
assumptions is suspect in the velocity coupled mode; therefore, a more detailed
and less restricted analysis is required. Development of the expanded
mathematical model requires the solution of the transient ballistic equat.ons
for mass, momentum and energy.

2.1.1 Mathematical Development'for Linear Velocity Coupling
These expanded analytical studies are based on the one~dimensional
equations of motion, in conjunction with the ideal gas law. After lineariza-
tion and rearrangement one obtains

QE' _3!' 3@'.,!'2 & .
a2 Y T g to ~h sl )

for the momentum equation and

2’ , M’ _(f_lsﬂ‘_)e' +(’-‘qu

MeM' (2)

T)(Rb"'wf)vl—!:ﬁ

w YHaz *3

for the energy equation. It should be noted that these equations are identi-
cal to those used by Culick2 to estimate the stability of acoustic chambers
for longitudinal waves. At this point, the solutions proceed along different

paths because the objectives differ. Culick was interested in calculating

the change in the complex eigenvalue for the chamber to determine the stabil-
ity of self-excited acoustic waves; thus, his solution uses approximations
which are valid only near resonant conditions. In this project, however, the
primary interest is the burner response to nonresonant frequencies; hence,

r——

I
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the approximations which are appropriate for resonant conditions are not valid
in this development.

To obtain the solution for nonresonant conditions, equations (2) and (3)
can be combined to eliminate dM'/dZ by assuming separation of variables and
replacing 3()/3t by iA(). The result is then differentiated with respect to
Z. Terms containing M' and dM'/dZ can then be eliminated to yield

@

i 2 - ' &
d;' - [ﬁ (T+Q+zg’z')+*z(g-i-g—uﬂ)]%% -T(Q+du/dz)e' =0 (3)
dz

where
1+ C- + il'rd i
= 4 = =
s B 1+ 1A'rd + @ Rr[) dz %)
T = 4 - AQL/S, ' )
: : M aM
Y = + w — @ —
(P" f)v IR} = (6)
Note that equation (3) is second order and has variable coefficients.
By letting
r = (cz - M2/c 0]
Cc = 0.5 (% (Q+ -o-d-ﬁ) (8)
| : oo Qe gHE), X a
? N = o.sv( 9 t3 3 (q+'r+2dz) 9)
E k=T (Q+ dit/az) /) (10)
:

2-4




equation (3) can be trannfomad to a Kummers equation.3

2
d‘e’ (1 )dc'
r —— + —-r——-ke'-o (11)
drz 2 dr
The solution becomes 4
1
2
€' =DK (k,-%-,r) + Er” K {k + %‘-,—g-,r} (12)

The two constants of integration can be evaluated from the nozzle flow
equations at each end of the chamber. Assuming the nozzles and valves
behave in a quasi-steady manner, one finds at Z = 0

" _‘_‘_iE' M ] - OM ] . .
™, ( dz )o +.Mo'1‘e o ™, [0.5&:0(7 3+ "o] (13)
and at Z = ]

' = :—d-e- M - M L] -
QM L (dz)l +Hl‘1‘ei QMl [0.5:1(‘1 1) +¢ol] (14)

Because Y changes sign when the mean flow Mach No. zoes to zero, two
sets of constants are required: one set for 0 < 2 <-X.1 and one for X <Z <1,
The additional boundary conditions are obtained by requiring the oscillatory
pressure and velocity to be continuous for Z = il. This model was programmed
in Fortran for the Burroughs 6700 computer. The definition for the Kummer
r\mctiorn4 was used to evaluate this series.

Thus, if the acoustic response, particle damping parameters, and
chamber dimensions are known, the oscillating components of pressure and
velocity can be predicted for any point in the chamber. Furthermore, these
predictions can be made for any phase relationship tetween the two valves,
simply by selecting the appropriate value of ¢ . and Y-
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There are several significant advantages to this solution beyond the
simplified analysis used earlier. First, momentum and energy effects are
included along with the transient mass balance contributions. Second, the
analysis includes pressure coupled response, flow turning, and particle damping
effects. Third, the analysis permits the study of the two-valve configurations
as well as the one-valve configuration and is not restricted to low frequencies.
Thus, this analysis is a general solution which should be valid for one-dimen-

sional burners at all frequencies.

2.1.2 Verification of Solution

The solution of the equations described in the preceding paragraphs has
been checked in several ways. First, at low frequencies, the equations should
reduce analytically to the equations derived for the pressure coupled rotating

3.6 assuming no velocity response and driving from only one valve. For

valve,
low frequencies, the Kummer functions in equation (12) approach unity. Follow-
ing through the resulting algebra leads to the identical result reported in
references 5 and 6 for the case of one valve and for both valves when operated
in phase. Numerical calculations using appropriate inputs to model this case
also yield identical results. This is an important point since it provides a
numerical verification of the computer programming in addition to the analy-

tical verification.

Secondly, this model should predict the correct behavior when the combustor
is driven at frequencies near the natural acoustic frequencies. In particular,
one would expect that near resonance the pressure amplitude would exhibit the
behavior shown in figure 2-3. Further, one would expect that the frequency
difference at the half-power amplitudes (i.e., 0.707 x the peak amplitudes)
would be related to the overall system damping of the self-excited system by
the expression

miQ

o TAf 15
: (15)

The left side can be evaluated independently from Culick's solutions
while the right side can be evaluated from numerical solutions of the model.

2-6
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Figure 2-3. Dynamic Amplitude Response

This comparison has been made in three cases.
2-1.

12933

The results are shown in table

TABLE 2-1. COMPUTED SYSTEM DAMPING (-a/f)

T4126
Case Culick Analysis Equation (12)
0.112 0.117
0.155 0.156
0.102 0.108

The first case contained only pressure coupling effects and used only one

valve. The second and third cases incorporated both pressure and velocity

coupling, as well as particle damping effects.

In case two, the response

functions were low (i.e., 0.2) while in case three, they were approximately

an order of magnitude higher.

The excellent agreement found between these two methods for predicting

damping substantiates the analysis. Furthermore this demonstrates the analysis

is not limited to the low frequency bulk flow conditions of the rotating
valve, but is also applicable to the highér frequency conditions near the
acoustic mode frequency. Thus, this model could provide a basis for inter-

preting data obtained in the modulated throat motor as well.

2-7
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2.1!3 Development of Data Reduction Procedure Assuming Linear Velocity Coupling
[ A large variety of numerical calculations have been conducted to examine
me#hods for obtaining approximate solutions. These approximate solutions are
reduired to provide a convenient method for reducing experimental data. The
an$1ysis presented previously predicts pressure and velocity performance given 3
thé response values. The data analysis procedure must do the opposite, namely

pr#duce response values from measured pressures. Since the responses are
hjplicit, equation (12) cannot be conveniently rearranged for this purpose.

To conduct these calculations, a method for predicting response functions
i3 needed. A rational basis is provided by using thermal wave combustion
npdels. Btown,7 Culick,8 and Lengellég.

! 8 n(l + A -R) (16)
P Al + A/Al - R
fnd
s m(l + A -R)
R, A, * AR - R (17)

The combustion parameters A and R can then be determined from pressure response
measurements. The parameter m must be selected arbitrarily, although unity

appears to give reasonable values in terms of limited experimental values of i
10,11

velocity response functions from T-burner tests.

Using values for the aluminized propellant, ANB 3066, (A = 15, R = 4.97,
n=0.27, m=1, T = 31.5) and the valves out of phase by 1800, a large number
of calculations were run for the experimental geometry to be used in this
study. These calculations showed that at low frequencies (i.e., A = 0.75) the
oscillating velocity is essentially spatially uniform. The magnitude is

‘ determined strictly by the size of the oscillating area of the two valves
r f relative to the time-averaged area. In addition, the oscillating pressure is

/ shown to be nearly a linear function of axial position.

/
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Using the linear pressure observation, an approximate solution of the

energy equation, which is explicit in the velocity response, can be developed.
Tco + (?T + dM/d?) X1 (Fl - € o) + (M 1 Mo) (18)
(aM/dz)M] (1 - 2X)

(R + mf)v =
1

The accuracy of this approximation has been examined numerically. The
exact solution was used to predict oscillating pressures and velocities using
the combustion parameters for ANB 3066. These pressures and velocities were
then used as inputs to equation (18), simulating experimental observationms,
to derive the velocity response. Figures 2-4 and 2-5 show a comparison of
the derived and exact velocity response for a variety of conditions. This
comparison is made using the imaginary part of the response since this is a

parameter used in motor stability predictions.

The results in figure 2-4 were obtained by assuming the propellant
contained no metal. With the valves phased by exactly 1800, the maximum
error between the input and derived response is +10%Z at the point where the
response is a maximum. Including phase misalignments of 3.5°, this error
increases to *20%. As will be discussed subsequently, phase misalignments

greater than +3.5 may be expected in the experimental apparatus.

Figure 2-5 shows the effect of particle damping on the comparison between

the exact and derived response. These calculations werc made using the maxi-

mum particle damping at each frequency. Again, the agreement is better than
10%2. It therefore appears that the approximate analysis provides a reasonably
accurate solution at the lower frequencies for the conditions examined. This
approximate solution also suggests a good method for estimating initial inputs

if the complete analysis is required for data reduction purposes.

More studies should be conducted, however, to examine the effect of a i
larger phase difference between the two valves. Additional studies should
also be conducted to examine the effects of experimental errors in the pres-

sure measurements and the oscillating velocity magnitudes.
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2.1.4 Implications in Pressure Coupled Response Measurements

Examination of this model also suggests a method for significantly improv-
ing the measurement of pressure coupled response functions. The single-valve
configuration, which is currently used for this purpose, has an upper frequency

limit of approximately 25% of the fundamental acoustic frequency. Above this

frequency, momentum effects become significant and the burner no longer operates
in the bulk mode. Using two valves in phase, numerical solutions of the model
indicate that this limit becomes about 40% of the fundamental acoustic

frequency.

This has significant practical importance. The current CSD apparatus
has an upper frequency limit of 700 to 800 Hz. Using two valves in phase and
a shortened combustion section, this limit would become 1400 to 1500 hz. Thus,
this method will have an upper frequency limit similar to the conventional
T-burner but it can go to frequencies well below the lower limit of the

T-burner.

2.1.5 Modifications for Amplitude Dependent Velocity Coupling
The form in which velocity coupling is included in the analysis needs to

be considered in further detail. The form incorporated in equation (2) is
the classical linear form which is included in the Standard Stability Pre-
diction Program.12 This form also forms the basis for interpreting velocity
coupled T-burner data.

However, Culick8 and Pricel3’14

have suggested that there may be an

analog between velocity coupling and erosive burning. Specifically, this

means there may be a minimum, or threshold, velocity which must be exceeded
before there is coupling between the combustion and the velocity oscillations.
Both Culick and Price have discussed the characteristics of this conceptual
model in detail and have shown how the effects of flow reversal and the thresh-
old velocity influence the coupling process. This model, called amplitude

dependent velocity coupling, has also been incorporated in the Standard

Stability Prediction Program.12
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Studies have been conducted as part of this program to determine how the
threshold and flow reversal effects would modify the predicted ballistics of
the dual rotating valve experiment. The basic concepts are show in figure 2-6,
which shows the total velocity profile (mean plus oscillations) as a function
of axial motor position. The threshold velocity is also shown for both
positive and negative velocities on the assumption that velocity coupling

depends on the local gas magnitude, but not the local direction.

The motor can be divided into five separate regions, as shown in figure
2-6. In regions 1 and 5, the local velocity always exceeds the threshold and
the coupling is linear. Hence the analysis described previously can be coupled
to these regions directly. In region 3, the local velocity never exceeds the
threshold and no coupling occurs. 1In regions 2 and 4, the local velocity
exceeds the threshold during part of the cycle and is less than the threshold

part of the cycle. In these regions, the model described previously must be
modified.

1 | Mean plus

~ velocity
e oscillations
-~
- / “.‘
+ Threshold

f — .
H BT
§ 0 - 1.0 x/L
> / faty
‘ ~” | -Threshold

33— —-—— 5 ——

Figure 2-6. Effect of Amplitude-Dependent Velocity

Coupling on Rotating Valve Respomnse V-10464
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The basic approach to incorporating these modifications into the analysis
follows the methods used in the Standard Stability Prediction Program12 and by

Price and Dehority.13’14

The wave is decomposed into the appropriate Fourier
coefficients. Parametric studies were then made to show how the time average
burning rate shift, the fundamental component, and the second harmonic vary
with the threshold velocity, the mean flow velocity, and the velocity ampli-
tude. The results of these parametric studies are shown in figure 2-7 through
2-9. It should be noted that figure 2-8 contains identical information to

figure 8 of reference 14.

The most striking result from these calculations is the approximately
linear variation of the fundamental component with mean flow for constant
velocity amplitude. Calculations with the model described previously show the
amplitude of oscillating velocity is nearly constant along the burner at low

frequencies. Since the mean flow varies linearly with axial position,

01 |m \‘\
2 y 0.4 0.4 N

0 02 04 06 08 10 12 14 16 18 20

Figure 2-7. Parametric Study of Harmonic
Content in Driving (Steady State Component)
V-10465
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linearly with axial position in regions 2 and 4. |

Using this approximation, the parameters in equation (3) can be redefined

and thereby solutions can be obtained for the pressure and velocity oscilla- E

tions in terms of the Kummer's Functions. Specifically, in regions 2 and 4,

the parameters C and N are as follows:

daM !
= aM aM | aM Q+ |
cC=1/2 17 [T +Q + 2dz:, I(Rb + wf)v 3z S [ . dz]] (19)

N = -1/2 ‘ -, 3

Where in region 2:
I =

Q+ &
dM dM dz
[T +Q+ zd—z] + I(Rb + wf)v iz Cx [ 3 ]’ (20)

-1
[Kl(zl> - Kl(zz)] Iz, - 2))

Gy = K (2,) + (2,) [xl(zl) - KI(ZZ)] /(z, - 2,).

In region 4:

Q
n

(The function Kl

With these changes,

is defined on figure 2-8.)

+1
[K1<z4> - Kl(z3)] Iz, - 2,
K, (Z,) + (2,) [xl 2,) - chz3)] 1@z, - 2,)

the motor is divided into five regions, rather than

the two regions used in the truly linear case. The acoustic pressure and

velocity are matched at each interface. The boundary condition at Z = 0 and

Z = 1 are unchanged. Thus, there are 10 equations and 10 unknown to be

determined (i.e., the unknown coefficients in equation (12).)
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Estimates were made of the mean burning rate shift and the double-
frequency amplitude using the Fourier decompositions shown in figure 2-7 and

2-9. The mean shift is given by:

RV6<¥‘MS>

MS = y(I - n)

€ (22)

where <>1ndicates the average over the burner length. Rvo is the velocity
coupled response function at zero frequency. The estimate of the amplitude
at the double frequency was evaluated assuming the bulk mode response of the

chamber ’

€pF ™ R <M DF> (23)
YR +1 - 3y - 2i\
L 2 M, aL/S

The response functions are at the double frequency 2\ = ﬁfﬂk_

A parametric study was performed assuming the propellant followed the
thermal lag model. Figures 2-10 through 2-12 show the results for a typical
propellant and burner geometry. In figure 2-10 the amplitude of pressure
oscillation follows the general trend of decreasing amplitude with frequency
expected for the bulk mode. Figure 2-11 shows the ratio of the pressure

amplitudes at each end of the burner. The corresponding phase angles are shown

in figure 2-12. In the amplitude ratio vs. frequency curve there is a trend

of the minimum shifting to a lower frequency as the threshold velocity increases.
The plot of phase in figure 2-12 shows that the ch = 0.03 curve has a different
character from the other three curves. For Mth = 0.03, all the velocities

are less than the threshold and no coupling occurs. There is a drastic change
from Mth = 0.02 to 0.03. Additional cases were run to see this change in

greater detail. These cases, which are presented in figure 2-13, show that

o

as the amount of velocity coupling approaches zero, the character of the phase -

curve changes rapidly.
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Additional studies are being conducted to examine the effects of amplitude

dependent velocity coupling in greater detail. The objective is to derive a
method for obtaining both the velocity response function and the threshold
velocity from test data. These studies are in progress but have not progressed

sufficiently to warrant a discussion of the results.

2.2 EXPERIMENTAL STUDIES
2.2.1 Apparatus Description
A dual rotating valve apparatus was designed and constructed under this ¥
program. The basic apparatus layout is shown schematically in figure 2-14.
This arrangement provides the flexibility required to study both velocity
coupled and pressure coupled configurations simply by changing the arrangement

of holes in the graphite rotor sleeve. "ﬂ

| i | [ ~ i

5 Propellant

/] ®

: FL ] Graphite rotor sleeve

JL (holes in phase or
A o jol_T 180° out of phase)
o o
- “'Zf}* 11
i JL ]

: | \ Stator

B Phase reference chamber

Figure 2-14. Apparatus Layout
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Figure 2-15 shows the essential components in exploded view. The rotor
with a graphite sleeve is shown together with four graphite slots in their
relative positions. The two slots on the upper left vent to the auxiliary
chambers; those on the lower right vent to each end of the combustion chamber.

A motor case loaded with propellant is also shown.

Figure 2-16 shows a photograph of the apparatus with a propellant grain
being inserted into the combustion chamber. Figure 2-17 shows the steady-state

nozzle and igniter wire inserted in preparation for a combustion test.

Kistler pressure transducers are located at each end of the grain to
monitor the oscillating component of pressure. In addition, a Taber trans-
ducer monitors the average chamber pressure. The valve at each end of the

chamber also has an auxiliary chamber that serves as a phase reference for

Figure 2-15. Dual Rotating Valve Components
10900-11 12940
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Figure 2-16. Propellant Grain and Valve Assembly
10900-5 12937

' L'

Figure 2-17. Assembled Rotating Valve Apparatus
10900-4 12938
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each valve. Each is equipped with a Kistler and Taber transducer to monitor
the oscillating pressure and the average chamber pressure. All the transducer
outputs are recorded with an FM tape recorder and played back through

appropriate filters and phase meters as described in references 6 and 7.

2.2.2 Cold Flow Tests

Cold flow tests were conducted as the first step in experimentally
evaluating this apparatus. In these studies, nitrogen was injected into the
combustion chamber and the two auxiliary chambers through individual sonic
chokes. The discharge coefficients of all three exhaust nozzles were evaluated
by calibration against a standard venturi flow meter. Under these conditions
the response functions are zero, and the analysis described in the previous
section can be used to predict the ballistics of all three chambers.

The first series of tests was conducted using a rotor sleeve, where the
two rows of holes were in phase, i.e., the pressure coupled configuration.
Figure 2-18 shows the excellent agreement between the predicted and observed
amplitude in all three chambers. Thesge tests were conducted a¢ frequencies
between 100 and 250 Hz using the clockwise~counterclockwise meéhod of

reference 6.

The corresponding phase comparison, shown in figure 2-19, used the
oscillating pressure in the combustion chamber as a reference. Again,
excellent agreement was obtained between the predicted and observed phase
differences. These results are important because they demonstrate that the

operation of the apparatus is basically sound.

These initial tests were conducted using only one Kistler pressure
transducer in the combustion chamber. However, the analytical studies
described in paragraph 2.1.3 showed that pressure measurements at each end of
the burner are required. In addition, studies at AFRPL showed that replacing
the graphite with 90% Ta 10% W increased the service life of the slots
significantly. Both these changes were made and a second series of cold flow

tests was conducted.
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Predicted amplitude
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Figure 2-18. Cold Flow Amplitude Data Pressure

Coupled Dual Valve Configuration
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Figure 2-19. Cold Flow Phase Data Pressure Coupled

Dual Valve Configuration (Combustion Chamber as Reference)
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The results from this second series of tests are shown in figures 2-20
through 2-23. They show excellent agreement between the predicted and measured
amplitudes and phase angles. They also form an excellent basis for compen-
sating for the effect of rotational direction on phase angle as described in

reference 6.

2.2.3 Combustion Tests

Next, a series of combustion tests was conducted to evaluate the perform-
ance of the apparatus. The first tests were conducted with the standard
rotating valve grains (2.75 in. long, by 1.0 in. diameter initial port with a
0.25 in. web) and a steady state nozzle at one end. Figure 2-24 shows the
oscillating pressures at each end of the motor and the mean chamber pressure
vs. time. The time delay in the rise of Pc and the appearance of oscillations
resulted from delays in the release of the Kistler grounding circuit. Results
are shown for various filter gettings (Q) at the fundamental frequency and for

the second harmonic content.

The most notable observations are the large amplitude modulations in
the oscillating pressure. By imposing the condition that 3e¢/3t = iAe, the
analysis does not permit evaluation of the modulations. To investigate their
source, a series of tests was made using equal steady-state nozzles at each
end of the motor. Under these conditions, the analysis predicts the amplitude
of the oscillations should be extremely small. The test results shown in
figure 2-25 show little change from the previous case.

Further study revealed that the frequency of the modulations is every
twenty cycles, which equals the number of holes around the rotor. Careful
review of the machining tolerances showed these rotors had minor variations
in the spacing between holes. New rotors were machined to more exacting
tolerances. Tests with these new rotors showed a substantial reduction in the
magnitude of the modulations, as shown in figure 2-26. Hence the predominant
source of the modulations appears to be in the machining tolerance of the

graphite rotor sleeves.

T T T —
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Tests were then conducted to evaluate the materials aspects of the
apparatus performance. In particular these tests compared the graphite slot
inserts with inserts made from 90% Ta, 10% W, as suggested by Hewes.15 Both
UTP-19,933, a nonaluminized formulation, and UTP-18,803A, a formulation
containing 21% Al, were used. The results showed the metal inserts to be
far superior to the graphite inserts. The metal insert at Z = 0 in figure 2-1
showed no significant deterioration. At Z = 1, however, the slot width in
the metal insert appeared to increase slowly over several tests and then
finally failed. The failure appeared to result from excessive erosion and
melting. When graphite inserts were used, the Z = 1 location also showed

slightly higher erosion rates than the Z = 0 location.

The reason for this apparent difference is not immediately clear. Ome
possibility is a variation in the properties of the metal between the two
inserts. However, a third metal slot insert was made from the same metal
billet for the single rotating valve and has performed satisfactorily with
highly metallized propellants. Another billet has been ordered and a new
insert of the same material will be machined and tested to evaluate this
possibility.

Another possibility is excessive heat transfer and erosion because of
peculiar local flows. The slots have identical locations with respect to the
grain. However, the steady state nozzle is located at Z = |, so there are
mean flow differences which could be responsible. However the failure
occurred at the surface on the rotor, not at the inlet to the slot. Thus,

further work is needed to study this potential problem.

It should be noted that Ta/W was also used in the rotor to support the
graphite sleeves. This substitution for 303 stainless steel was found to
be a definite improvement. No significant deterioration was observed and

problems resulting from differential thermal expansion were eliminated.

ot e Sl i o b
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Additional combustion tests were then conducted over a range of
frequencies using UTP-19,942 and UTP-19,933. These propellants have been
tested for pressure coupled response at CSD16 and the limited data are shown
summarized in figure 2-27. The imaginary part of the linear velocity response
functions was derived from the data using equation (18) and is showa in

figure 2-28.

Several observations can be made from these results. First, reasonable
reproducibility was obtained. Second, there appears to be a significant
difference between the two formulations tested. The only difference in these
compositions is that UTP-19,942 contains 0.5% of the copper combustion
modifier reported in reference 16. This additive did reduce the driving of
high frequency combustion instabilities and it could be postulated that the
effect is through modification of the gas phase combustion process. Thus,
one could argue that perhaps the modifier could also alter the velocity
response properties as well. Obviously, however, more data are required to

substantiate this preliminary speculation.

5.0
PR
O 1,000 psi, rotating valve
41,300 to 1,350 psi, rotating valve
40 @ 1,000 psi, T-burner —
¥ 1,800 psi, T-burner
)
<<
& 30
™ (o) UTP-19,933
3 (o,
’ s/
a 20
=
1.0
\~
0

100 200 400 600 800 1,000 2,000 4000 6,000 8,000
Frequency, Hz

Figure 2-27. Combustion Response of UTP-19,942
13649
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2 OUTI;-19.933' : o) Comparing the rgsults W1th1§h;4
& _ggg:}gzggg_mmmed e hypotheses of Culick and Price
§ A (o] for linear velocity response shows an
§ 2 l inconsistency between the data and
g & H o predictions. The hypotheses suggest
; -4 the response is positive at lower
@ “
£ frequencies and then becomes negative |
g 4 at higher frequencies. The data ‘;
% 3 8 suggest the velocity response is nega- i‘
% tive at low frequencies and becomes ,
E -10 % ? positive at higher frequencies. More i
f data are needed to determine if the i
'120 W W w6 A0 Mo e response extrapolates to zero as the §
Frequency. Hz frequency approaches zero as suggested :
Figure 2-28. Linear Velocity Response Vr SRR WG T HipR.
15155 Two additional tests were conducted
to evaluate grain geometry changes.
The analytical model assumes all the burning surface regresses radially and
’} there are no end burning surfaces. The grains, however, do have end burning
- surfaces to provide a neutral pressure-time trace. Hence, initially in :
(1 the burning there is a burning surface which is not subject to velocity 5
§- oscillations parallel to the burning surface. To minimize this effect, the
- results shown in figure 2-28 were derived near the end of each test where
' the end burning area was smallest. ;
a To explore this effect further, two tests were conducted using grains
| with inhibited end surfaces. The derived linear velocity response function
obtained from these tests is shown in figure 2-28 as well. There appears to
ﬁ be a significant effect on the inhibitor. It should be noted that the
F} pressure time traces from these tests deviated somewhat from the predicted 1
1 curves and appeared as though the inhibitor was only partially effective.
It is apparent, however, that more testing is required to resolve the
] mechanisms producing this effect.
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Another possible framework for characterizing velocity response is the
nonlinear model suggested by Pricel3’14 and by Culick.8 The nonlinearity
of this model would produce a high harmonic content in the pressure wave.
Hence, data analyses were conducted to investigate possible nonlinear effects.
Amplitude spectra analysis from two tests, both conducted at 300 Hz using neu-
tral burning grains, are shown in figures 2-29 and 2-30. These spectra were
obtained using a Hewlett-Packard Model 3582A Spectrum Analyzer. The data
shown in figure 2-29 were obtained using one steady-state nozzle while the
data in figure 2-30 were obtained using identical steady-state nozzles at

each end of the burner.

Several observations can be made. First, both figures show significant
harmonic content. Analysis of the driver wave form5 shows no driving of the
even harmonics by the valve and only minimal (-25 dB) driving of the third
harmonic. Thus, the energy at the even harmonics is produced by the fluid
mechanics of the burner and not by the rotating valve driver. Furthermore,
the energy at the odd harmonics is substantially larger than would be
expected from the linear model. Hence, in this instance, linear velocity

coupling could not produce this frequency spectrum.

Preliminary studies were then made to determine if the nonlinear
velocity coupling model could account for the observed harmonic content.
The model calculates the harmonic content of the burning rate oscillation
for a given threshold velocity and amplitude of the velocity oscillation.
The combustor was assumed to transform these oscillations by a "bulk mode"
response. Initial calculations indicate the predicted harmonic content
is significantly less than the observed content. However, additional
parametric studies are needed over a wider range of conditions and formulations

to reach a firm conclusion.

Another source of the high harmonic content could result from nonlinear
flow effects. For example, the linearization of the momentum equation assumes
the mean flow velocity is much larger than the Mach number of the oscillating

flow at every axial position. Since there is mean flow from both ends of the
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burner, the mean flow Mach number is zero at some point along the axis, more i
precisely at (Z = xl)‘ The oscillating flow Mach number is essentially !

constant along the axis. Hence, the assumption breaks down in the region l

where M = 0. Including this extra term introduces a nonlinearity which

ultimately could contribute to the harmonic content. The counter argument
to this point is that this flow nonlinearity enters through the momentum

equation. At low frequencies, momentum effects are relatively unimportant;
hence, the nonlinearity should not be important. At this date, this point ’

remains unresolved.
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3.0 CONCLUSIONS

A one-dimensional analysis of the dual rotating valve has been devel-
oped. This model is based on linear fluid dynamics and includes both a
linear and an amplitude dependent velocity coupling model. The effects
of pressure coupling, flow turning, and particle damping are also included.
Parametric and analytical studies show the equations reduce tq the proper
bulk mode behavior at low frequencies. The analysis also predicts the
proper damping of the natural acoustic modes of the motor. |

j

Cold flow studies confirm the predicted behavior for the pressure
coupled configuration. In the velocity coupled conriguratioh, control of
the phase angle between the two valves was found to be extremely important.
Methods and specifications were developed for achieving the necessry accuracy.

Combustion tests have been conducted using both nonaluminized and
aluminized propellants. With the possible exception of materials probleas
in one area, satisfactory apparatus performance was demonstrated. Velocity
response functions were found to increase from -10 at 150 Hz to 1.6 at
600 Hz for the linear model. Differences in response were observed with
a change in propellant composition.

Frequency spectra analysis of the pressure oscillations shows signi-
ficant harmonic content which suggests contributions form nonlinear or
amplitude dependent processes. Attempts:to explain this harmonic content
with the amplitude depdendent velocity coupling model have not been success-
ful to date.

Thus, the combustion data obtained to date requires further study and
supporting evidence before a satisfactory evaluation of the two velocity
coupling models can be developed.
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20. ABSTRACT (Continued)

Under AFOSR contract No. F49620-77-C-0048, CSD is investigating the dual
. valve approach for measuring velocity coupled characteristics in greater detail.
[~Analytical studies accomplished under this contract have developed a mathemati-
cal analysis of the transient ballistics. The solution of the transient mass,
momentum, and energy equations incorporates both linear and nonlinear velocity
coupling, as well as pressure coupling, particle damping, flow turning, and
nozzle losses in the analysis. The analysis shows that velocity coupling domi-
nates the system response when the two valves operate 180% outxof phase. o G
L;O/‘

The analytical solutions agree with known solutions for low frequency bulk 1
mode conditions and for the frequency response characteristics at acoustic
resonance. Studies have been conducted to explore its limitations and to esti-
mate the effects of experimental uncertainties. Approximate solutions have been
developed which permit the direct derivation of velocity response functions from
experimental data assuming linear velocity coupling. Parametric studies were
aiso made using the nonlinear velocity coupling model. The results show the
interaction of mean velocity magnitude, threshold velocity, and amplitude of the
velocity oscillation on the predicted pressure oscillations. Some progress has
been made towards developing an approximate solution for data reduction purposes
but more development is needed to develop a useful method.

Concurrently, an experimetal apparatus was constructed, and its performance
under controlled cold flow conditions was compared with predictions. Agreement
between predicted and experiment behavior was demonstrated under pressure-
coupled conditions. In the velocity-coupled mode, the cold flow tests showed
control of the phase angle between the two valves is important to ensure proper
performance of the apparatus. Apparatus improvements were made to achieve this
control. e A

' Combustion tests were then conducted using two nonaluminized propellants.
Analysis of the data, using the linear velocity response model, indicates the
imaginary part of the response increases from approximately -10 at 150 Hz to
approximately 1.6 at 570 Hz. Amplitude spectrum analyses of the pressure traces
show significant harmonic content. Since the area wave form contains very low
harmonic content, this suggests the nonlinear velocity coupling may provide a
more realistic framework for data interpretation. Combustion tests were also
conducted with a formulation containing 21% aluminum. With the exception of one
slot insert, the apparatus operated satisfactorily.. The failure of one slot
insert after several tests appears to be the result of faulty materials.
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